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Abstract 
Key differences of precisely measuring currents on wafer based solar cells and multi-junction solar cells are shortly 
described at the beginning of the paper. In the next section, the impact of precise Standard Test Condition (STC) 
measurements on the energy yield prediction by PV simulation software is reviewed, with special mention of the 
Staebler-Wronski Effect. Solar modules containing amorphous silicon absorbers perform in moderate latitudes in a 
cyclic way: hot season with higher output and cool season with lower output. Both, spectral variations of the 
irradiance as well as temperature rise during irradiance are reported in literature contributing to this cycling 
behaviour, which finally is not an issue but a feature of this technology. In consequence, a ‘design to geography’ 
approach is suggested for module manufacturers, allowing for higher energy yields even without considerably 
increasing nameplate power under STC. Standardisation, which highlights the energy yield in addition to STC 
nameplate power, is identified as urgently needed. A better understanding of amorphous silicon based multi-junction 
PV modules can only be gained, if more spectrally resolved data acquisition is performed and evaluated for high and 
low geographic latitudes. Instead of a ‘static’ temperature coefficient, amorphous silicon modules are better 
characterised with the ‘effective’ temperature coefficient which can become positive e.g. in building integrated heat-
insulating PV elements. 
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1. Introduction 
‘Concepts based on using several different band-gap cells to convert different parts of the sun’s 
spectrum are likely to result in system efficiencies above 30%’ [1]. This promising statement by M.A. 
Green still holds and gives researchers a lot to do: Fan et al. [2] have been discussing as early as 1983 
based on computer analysis on the optimal design of amorphous single-junction and tandem cells. A new 
candidate to achieve new records in conversion efficiencies arouse with the advent of a solar-grade low-
bandgap material. Confusingly, the same material has various names: as mostly in Europe, the 
microcrystalline silicon (µc-Si:H) material sometimes is called nano-crystalline silicon (in the USA) or 
even poly-crystalline silicon (in Japan). But independent of material names are the main characteristics of 
microcrystalline silicon which is a low-temperature silicon coated by a plasma enhanced chemical vapour 
process on a foreign substrate material serving as bottom cell of a tandem type solar cell  and solar 
module [3, 4]. Realistically, the conversion efficiency of industrial champion solar modules has reached 
10% by the end of 2010 and has potential to rise towards 15% within the next years [5] - from there is still 
room to reach the promised 30% efficiency region with thin-film technologies.  
 
Is efficiency the only figure that matters in photovoltaics (PV)? The dynamic PV market developed in 
a rally for low PV system prices. In Germany complete PV system prices decreased from 5.0 Euro/ 
WattPeak in early 2006 down to 2.4 Euro/WattPeak in early 2011 [6]. Apparently, this is not a natural law of 
physics but economy of scales. Up to now, mainly module manufacturers had to sell the same power at 
lower prices. Now, other system components such as module mounting, inverter, cabling and monitoring 
will have to sell at lower prices combined with improved quality. This is an example for a dynamic status 
of the PV market. The benefit of dynamic PV countries is a relative good knowledge for the evaluation of 
PV cost and PV potential for the bulk technology, which is crystalline silicon PV modules. For the non-
bulk technologies, such as the emerging thin-film silicon (TFS) PV modules, this good knowledge is not 
widely spread simply because of low market penetration. This paper aims to recall early articles on the 
challenges of measuring and yield prediction of multi-junction TFS and gives an outlook to open tasks.  
2. Delicate task of measuring multi-junction solar cells 
There have been considerable discussions in the 1980s and 90s on the practical use of multi-junction 
solar cells: the apparent advantage of a wider light spectrum for conversion of photons into electron-hole 
pairs seemed only of theoretical benefit. In fact, most locations on earth see a multitude of spectra during 
a day and during a whole year, so in the outdoors world, there is no such thing as ‘standard test condition 
(STC)’. For a normative comparison, STC is arbitrarily set to a spectrum corresponding to Air Mass 1.5 
(AM1.5), radiation intensity of 1000 W/m2 and a module temperature of 25°C. The variations of 
illumination spectra going from sunrise, noon towards sun-set and additionally the various concentrations 
of molecules and aerosol in the atmosphere give rise to varying spectral conditions on earth, rarely hitting 
the AM1.5 conditions. In consequence, there is a priori no net benefit in doing multi-junction solar cells, 
as simulated by Fan and Palm in 1983 [2] because of the discrepancy between indoor STC reference and 
the ‘real world’ outdoor conditions. Burdick showed in 1990, a net benefit of a-Si/a-Si stacks over single-
junction a-Si cells based on adjustable indoor sun simulator measurements [7]. 
 
There has been a period of low activity for spectrally resolved a-Si solar outdoor characterisations in 
the early 2000s. The delicate indoor measurement procedure for multi-junction solar cells has been well 
described in 1998 by Adelhelm et al. [8] and further development are reported more recently by Meier et 
al. [9]. In fact, the discussion on the spectral influence on thin-film multi-junction solar cells has been 
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taken up again by Tawada et al. [10]: Kaneka Corp. was the first commercial supplier of stacked a-Si:H/ 
µc-Si:H i.e. micromorph or hybrid modules, which gave rise to in-depth investigations on the achievable 
yield of these multi-junction modules outdoor. 
2.1. What are the challenges in measuring multi-junction solar cells indoors? 
One key difference between the bulk crystalline wafer based solar cell measurement and the multi-
junction measurement under standard test conditions is the current matching: If the illumination spectrum 
on a wafer-based single-junction cell is anyhow not exactly following the AM1.5 spectrum, the resulting 
cell-current can be adjusted by multiplication with a correction factor. This assumes a linear behaviour in 
spectral response and of course a precise knowledge of the difference between the standard AM1.5 and 
the actually used illumination spectrum, which serves to calculate the correction factor [11]. 
 
Different situation in the case of multi-junction solar cells, where the sub cells are connected in series 
(two-terminal device). The resulting current of such a tandem cell is the minimum of the two contributing 
sub-cells, i.e. the weaker sub-cell is limiting the overall solar cell current. If both sub-cells generate the 
same current, the device is ‘current-matched’. The status of current matching may be due to two different 
sources: one is the design of the sub-cells (such as cell thickness) and the other is the quality of the 
illumination spectrum (e.g. if the illumination spectrum differs from AM1.5 spectrum). The correction of 
cell-currents of a multi-junction solar cell cannot be adjusted by a simple multiplicative correction factor 
because of further impacts such as fill-factor of the stacked cell. 
 
In the case of amorphous silicon multi-junction cells, there is an additional complexity related to the 
light induced degradation (LID), the metastable power output that has first been described by Staebler and 
Wronski in 1977 [12]. An a-Si based multi-junction solar cell can be manufactured in such a way, that the 
currents are matched in the initial phase (before any light induced degradation), or it can be designed to 
be current-matched for the stabilised status after light induced degradation. Since the degradation to reach 
a stable status takes normally 1000 hours of continuous illumination in the laboratory, this procedure 
cannot be envisaged for every module leaving an industrial module production.  
LID-factor = (Pinitial - Pstabilised) / Pinitial                                                                (1) 
The LID factor is defined as the ratio between the difference of initial power (Pinitial) and the power 
after the stabilisation (Pstabilised) to the initial power under uninterrupted light illumination. LID factors can 
amount to 50% for very thick a-Si absorber layers (typically 0.6 µm) down to a few percent for thinner 
absorber layers (below 0.2 µm). Industrial practice is to define an LID-factor based on only few sub-
samples of the manufactured modules for actually measuring the LID factor. Such sampling commonly 
does not fulfil requirements of statistical process control regarding sample size and error calculations! 
These LID values are then applied to predict the so-called ‘stabilised’ module output power, which then 
become the values for nameplate power of the module’s data sheet – this procedure has thus a relevant 
impact of annual production capacity of a fab and loss/profit calculations. 
 
Besides the above-mentioned challenges for indoor measurement of multi-junction solar cells, there is 
the next hurdle to connect STC module values to real-world outdoor conditions in order to predict the 
generated power of a PV system. The term ‘Most Frequent Condition (MFC)’ [13] makes sense to high-
light the fact that PV modules are very rarely operated at STC in outdoor conditions. But what ‘typical’ 
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conditions are modules operated then? Up to now, there are only very few locations on earth revealing the 
typical climatic conditions which can then be expressed in a characteristic figure such as MFC. 
2.2. Micromorph PV modules outdoor 
What is the ‘real’ energy output of micromorph multi-junction solar modules, once in the sun, wind 
and rain of the real world? In the case of the LID of a-Si based solar cells, the behaviour outdoor differs 
from the behaviour indoors [14, 15]: The requirement of a temperature stabilisation for the indoor 
procedure holds the module at 50°C under full illumination of 1000 W/m2 and approximate spectral 
condition of AM1.5 during 1000 hours – under outdoor conditions, most modules heat up to higher 
temperatures during 1000 W/m2 illumination. Hot operational conditions are known to anneal out the 
power loss of LID [16]. Additionally, there are hot/cool seasons in the moderate climatic regions of the 
world, which add another cyclic power output behaviour to a-Si based solar cells. And then, there is the 
amount of light reaching the module, which is most often only fractions of the STC illumination because 
of overcast skies and high Air Mass values. Finally a certain ‘memory effect’ makes the yield prediction 
without knowledge of the annual oscillations difficult: E.g. the irradiation dose of 4 kWh/m2 on an a-Si 
based solar module has not the same impact during winter season as during summer season. Hot-sunny 
days tend to degrade less and cool-bright days tend to degrade more a given amorphous absorber layer 
with respect to the Staebler-Wronski Effect. 
 
As a matter of fact, the often stated positive error ‘a-Si based modules perform better outdoor than the 
crystalline wafer-based modules’ [16] are mostly due to the influence of the better temperature 
coefficient, better low-light behaviour and an outdoor LID factor better than measured in the laboratory. 
The temperature coefficient on DC-power is normally reported to be of the order of -0.1 to -0.3%/°C for 
amorphous, while it ranges from -0.5 to -0.8%/°C for single crystal cells. Because of the discrepancy 
between nameplate power and energy yield, many investigations have been started in order to satisfy the 
main three interest groups, which are the module manufacturers (aim of better selling the exact module 
power), the customers (aim of pay for the promised power) and the simulation software programmers 
(with the aim of exact energy yield prediction).  
 
PVSyst is an advanced PV simulation program with considerable track record in the field of a-Si based 
solar module simulation [17]. On the other hand, up to now, the free online tool PVGIS has not included 
a-Si based thin-film technologies, but has the easiest user interface, and good precisions for PV systems 
based on crystalline silicon wafer modules for the European continent [18]. An advantage of PVSyst is 
the quantification of eventual spectral loss by use of the simplified model as proposed by the team at 
CREST [19], using an estimation of the spectrum energy contents in the incident irradiance, through the 
so-called Average Photon Energy (APE).  
 
Another promising approach consists of matrix multiplication where exact module data is multiplied 
with typical climatic data of the location for a PV system as proposed by the group at ISAAC and at the 
JRC’s ESTI [20, 21].  
3. Conclusions and outlook 
The methodologies for a better understanding of the benefits of micromorph PV systems are available. 
Necessary ingredients are: a) A precise knowledge of the indoor module characteristics; b) A sufficient 
data set on the climatic conditions; c) A common understanding of applying the selected procedures. All 
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three requirements seem trivial but are by far not available thoroughly. An exemplary effort is undertaken 
by the module technology group of the equipment supplier Oerlikon Solar to investigate the complex 
behaviour of multi-junction solar cells [21] and to achieve more precise indoor characteristics of micro-
morph modules [9].  
 
Various companies have supplied multi-junction thin-film silicon solar modules for more than two 
decades (Solarex, Unisolar, Kaneka, Sharp, Mitsubishi Heavy Industries, EPV, BCS and over 20 
customers of the equipment suppliers Oerlikon Solar, Applied Materials and ULVAC). The production 
volume for 2010 of the 6 biggest a-Si based module manufacturers is reported to reach 0.6 GW against 
1.2 GW supplied by First Solar’s CdTe technology and some 0.2 GW of CIS technologies in an overall 
PV market volume of 20 GW [22]. So there are several MW of multi-junction modules out there in the 
sun. In contrast to this large volume, a considerably small amount of data collection and analysis projects 
as an effort to achieve better understanding of the specialties of such PV systems are reported recently. 
Additionally to the above-mentioned projects, there are new projects in northern Italy [23] and Japan [24] 
and the efforts of the European Commission in FP6 through the funding of the project PERFORMANCE. 
3.1. Design to geography 
With a growing experience in indoor module measuring and outdoor performance characterisation, the 
module manufacturer may get to the level where the modules have a dedicated design to the climatic 
regions of destination. In other words, an amorphous silicon based module can be designed for regions 
with hot average daily temperatures by an increase of the absorber film thickness, see Fig. 1. In regions 
with cool average daily temperatures, such a module would suffer from strong LID but the elevated 
temperatures would anneal out the LID and overall energy yield is higher than in the cool region. Such a 
‘design to geography’ approach has not been widely applied by manufacturers of amorphous single-
junction and multi-junction modules so far. 
 
 
Fig. 1. The map of average temperatures shall give indications on the film thickness of a-Si single-junction modules: 
Hot average temperatures help annealing of light-induced degradation and hence thicker absorber layers are allowed, 
cool regions require thinner absorber layers. Source http://www.climate-charts.com/ 
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First order data on world climatic maps are available reporting at least on the irradiance and the 
temperatures. More effort is necessary for the acquisition of spectrally resolved characteristics of 
locations, where multi-junction modules should be placed. By the help of design software and some 
focused data acquisition (e.g. data-loggers equipped with spectroradiometers) this uncertainty can be 
revealed. So far only exemplary locations have been evaluated such as Loughborough UK with latitude 
52° North or Sargans area Switzerland with latitude 47° North - more of interest will be regions of low 
latitudes such as Thailand [25] or Singapore [26]. 
3.2. Definition of widely applicable metrics for energy yield needed 
The lack of a physical value describing precisely the added value of thin-film modules designed to 
climatic regions may be one reason for the deficiency in a widely applicable metrics. The often-discussed 
specific yield value kWh/kWPeak is prone to errors, because of large tolerances on the WattPeak nameplate 
values of a-Si based modules and because of large tolerances on reference irradiance measurements [27]. 
Most studies are reported on single module observations. Again, one single module gives a non-
representative sample probe for large PV systems with installed powers reaching the MWPeak size. 
Comparable values of large a-Si based thin-film PV systems versus large wafer-based PV systems are 
required for an extended discussion on energy yield – especially the geographic low latitudes, or the sun-
belt countries are yet to be explored for ideal PV destinations for a-Si based technologies. 
  
As a continuation of the current-matching discussion in the early 1980s, it is urgent to highlight 
precisely the dynamic benefit of new-generation tandem stacked solar modules in function of so called 
most frequent operation conditions and the benefit of modules with dedicated current-matching (e.g. 
Singapore tandem-junction module). 
 
The term of ‘effective’ temperature coefficient, a positive temperature coefficient (+0.75%/°C) for a-Si 
based modules has been reported by Fischer et al. recently for a-Si based PV modules integrated into an 
insulated building element and by X. Deng and E. Schiff [28, 29]. Further use of such parameters for a-Si 
based modules still need to be evaluated in relation to energy yield prediction. 
  
Up to now, locations with high impact on a-Si based PV systems have not specially been implemented 
in PV simulation programs such as PVSyst. The ‘effective’ temperature coefficient is a useful parameter 
describing the positive effect of temperature on a-Si based PV modules. Finally, acquisition and 
evaluation of spectrally resolved outdoor data over several years on several locations on the world is a 
calculation-time intensive task for super-computing.  
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